Extensive studies were carried out at Chemistry Group, IGCAR for the rapid separation of individual lanthanides and actinides using dynamic ion-exchange chromatographic technique. The atom percent fission was determined from the concentrations of the lanthanide fission products, uranium and plutonium contents of dissolver solution. These advantages were exploited to significantly reduce analysis time, liquid waste generation as well as dose to operator.
Van Deemter curve for particle size versus resolution shows that packing materials with particle sizes less than 2μm provide better resolution compared to 5μm based supports. Dy namic ion exchange / reverse phase behavior of lanthanides as well as actinides were investigated using 3cm and 5cm length support with 1.8μm particle size [6] . The above developed fast separation methods were applied to assay the lanthanides and actinides from the dissolver solutions of the fast reactor fuel.
Supercritical fluids possess the properties of liquid-like density, gas-like diffusivity, viscosity, and surface tension. Supercritical fluids provide faster, cleaner and efficient extractions, a s they generally become gas after the extraction and escape leaving the dissolved solute. Thus SFE technique provides an excellent alternative to recover the actinides with generation of minimum secondary liquid waste.
Supercritical carbon dioxide (Sc-CO 2 ) modified with various complexing reagents has been employed for the extraction of variety of metal ions including the recovery of actinides such as thorium, uranium, and plutonium from various media [7] [8] [9] [10] [11] [12] . An SFE procedure was developed earlier in our laboratory for removal of actinides from cellulose based waste matrices [11] [12] .
Handling of plutonium in a radioactive laboratory involves invariably the usage of tissue paper and recovery of plutonium from the same assumes significance from the p oint of view of accounting of special nuclear material (SNM) as well as the radioactive waste management. Hence SFE technique, which produces no waste or relatively minimum waste, is suitable for such applications. Therefore, systematic studies were carried out for the recovery of plutonium from cellulose based matrix and the results are discussed.
Experimental

HPLC system
The HPLC (M/S JASCO) system consists of a solvent delivery system, UV-VIS Spectrophotometric detector, Reversed phase C 18 columns [30mm x 4.6mm, 1.8μm; 50mm x 4.6 mm, 1.8 μm; 250mm x 4.6mm, 5μm] and a post-column delivery pump. Sample solutions were injected into the column through a 20 μL sample loop injector. The post column reagent was delivered with a flow rate of 1 mL/min. In the dynamic ion-exchange chromatography experiments, camphor-10-sulfonic acid (CSA) (Merck) mixed with α-hydroxy isobutyric acid ( -HIBA) (Acros) were employed as the eluent. Appropriate amounts of CSA with -HIBA were dissolved in water and the pH was adjusted with dilute ammonia. The eluate from HPLC column was mixed with the post column reagent using ''T'' connector before it reached the detector. The mobile phase solution was passed through the column i.e. typically 20mL with 3 and 5cm columns to establish a dyn amic ion-exchange surface before the samples were introduced into the HPLC system for separation.
Lanthanide standards were prepared from their respective oxides by dissolving them in nitric acid followed by standardization with EDTA. Uranium stock s olutions were prepared in dilute nitric acid (0.1N) from uranyl nitrate and standardized by complexometric titration as well as using gravimetry (as U 3 O 8 ). A plutonium stock solution standardized using thermal ionization mass spectrometer (TIMS) was used for the preparation of its standard solutions. Lanthanides and actinides in 0.01N HNO 3 medium were injected into the HPLC system.
SFE System:
The SFE system (M/S Jasco, Japan) consists of a solvent delivery pump and a modifier pump (reciprocating pumps), a constant temperature oven and a backpressure regulator. Extraction vessels of 1, 50 and 100mL capacity were employed in the study. Carbon dioxide (99.9%) used in the experiments was of supercritical fluid grade.
An SFE system was set-up in a glove box for studies involving radioactive materials. The glove box facility was developed incorporating modifications required for handling high pressures and isolated electrical connections. A secondary container accommodated the extraction vessel so that any accidental pressure release is contained causing no disturbance to the maintenance of the required negative pressure of the glove box. Various in-built safety measures and associated alarm annunciation facilities were established to avoid over-pressurising of the system during its operation. The two pumps used for pumping liquid carbon dioxide and the modifier containing extractants in methanol were placed outside the glove box. However the backpressu re regulator and heating oven, which accommodated the extraction vessel were kept inside the glove box. The extracted sample collection system was also arranged inside the glove box and sampled out for assay.
Results and Discussion
Individual separation of Lanthanides using CSA:
Gradient elution was developed for the isolation of individual lanthanides from a 3cm length reversed phase support. Camphor-10-sulfonic acid (CSA) with α-HIBA was employed for achieving the separation of all 14 lanthanides in about 3.8 min (Fig.1.) . The separation time observed with 5cm support was found to be ~5 min. An isocratic elution procedure was also developed for the separation of lighter lanthanides (La-Eu); they were resolved from each other in about 4min. Lanthanum could be very well separated from cerium and other lanthanides using a mobile phase consisting of 0.02M CSA and 0.1M α-HIBA. 
Determination of Lanthanides, uranium and plutonium in dissolver solution of fast reactor fuel
Uranium and plutonium present in the mixed carbide pellets from FBTR (nominal burn -up of about 1,55,000 MWd/t) were separated from fission products by anion exchange chromatography (Dowex 1x8, 100-200 mesh, anion exchange) using 1:1 HNO 3 medium. Uranium and plutonium were subsequently eluted from the anion exchange column using 3 and 0.1N HNO 3 respectively. The fission products containing lanthanides were brought into 0.01N HNO 3 medium for their individual separation with HPLC. The individual lanthanides present in dissolver solution were separated using dynamic ionexchange technique with 3 cm support with 1.8 μm particle size (Fig.2) . Lighter lanthanides present in fission product were separated in about 4 min. Concentrations of lanthanide fission products such as La, Ce, Pr, Nd and Sm in the dissolver solution are given in Table. 1. Uranium and plutonium contents of the dissolver solution were determined using reverse phase chromatographic technique using HIBA as eluant (Table.1).
Recovery of Plutonium from Waste Matrices by SFE
Recovery from Simulated Waste:
A Pu(IV) solution with a concentration of about 125 mg/L was prepared in 1 M nitric acid medium. The extraction of plutonium from a simulated tissue paper waste matrix was studied using waste matrix, e.g. tissue paper of about 4 x 4 cm dimension. About 40 L of the plutonium stock solution (~ 5 g of Pu(IV)) was loaded onto the tissue paper and dried in a fumehood at room temperature (300 K), typically for an hour. The dried plutonium loaded tissue paper was packed into the extraction vessel of 1mL capacity and the extraction was carried out. The SFE was carried out using Sc-CO 2 modified with octylphenyl N,N-diisobutyl carbamoyl methyl phosphine oxide ( CMPO). The plutonium present in extract was collected in small volume of dil.HNO 3 + isopropanol medium. The maximum plutonium recovery was found to be ~ 99.9% (standard deviation of 0.5% from 10 independent experiments) when Sc-CO 2 modified with 3wt% CMPO in methanol containing 0.1N HNO 3 was employed for the extraction.
The plutonium content of the extract after the SFE experiment was estimated using liquid scintillation technique. The un-extracted plutonium remains in tissue waste matrix was estimated by leaching with 4N HNO 3 after the SFE experiments. The leaching efficiency using ultrasonication resulted in >98% recovery from cellulose based matrix.
Recovery of Plutonium from Actual Waste:
The actual cellulose based matrix containing plutonium in its nitrate form was cut into small pieces (typical dimension being 4 x 10cm), the cut piece was inserted into a 1mL extraction vessel and SFE was carried out. Experiments were performed to establish the extraction efficiency of plutonium from waste. The extraction efficiency was found to be varying from 88 to 99.8% in these experiments, averaging about 96% (standard deviation of 3%).
Subsequently, the waste containing plutonium was processed from a 100mL vessel; the waste matrix was cut into small pieces and was placed into a 100mL extraction vessel, sprinkled with 1N HNO 3 (~2mL) to ensure that the species is in its nitrate form and extraction was carried out under typical conditions viz., pressure: 260bar, temperature: 318 K, Sc-CO 2 flow rate: 3 mL/min, modifier (5g CMPO, 1.8mL of HNO 3 in 100mL methanol) flow rate: 0.1mL/min. The extraction was carried out for long durations (Fig.3) . The maximum plutonium recovery was found to be ~ 98% (standard deviation of 3% from five independent experiments) when Sc-CO 2 modified with CMPO in methanol containing HNO 3 was employed for the extraction.
Conclusion
HPLC techniques were developed for the rapid separation of individual lanthanides as well as actinides. Atom % fission was determined from these measurements. The SFE facility in glove box is unique of its kind for the recovery of actinides from waste matrix. The SFE facility in glove box was successfully applied for recovery of actinides such as uranium and plutonium from simulated waste and then with the actual waste matrix. 
